Anthracnose of strawberry, caused primarily by the fungal pathogens belonging to Colletotrichum acutatum species complex (CASC) and C. gloeosporioides species complex (CGSC) is an economically important disease in the Southeast United States. Quiescently infected (QI) planting stock is one of the most important sources of inoculum in the fruiting field that can only be reliably detected by highly sensitive real time quantitative PCR (q-PCR) assay. In this study, a q-PCR assay was developed and optimized that can discriminate anthracnose fruit rot (AFR) and anthracnose crown rot (ACR) causing species based on the difference in post PCR melting temperatures of amplicons. Controlled environment grown plants artificially inoculated with different levels of CASC and CGSC showed a significant (P < 0.001) correlation with levels of quantification expressed by C t values in q-PCR from petioles and leaf blades. The leaf blade was a significantly larger reservoir of QI than that of the petiole. Both TaqMan and SYBR Green assay showed similar sensitivity and specificity. Detection of QI on leaves at young middle and older stages from inoculation with same number of conidia indicated that middle aged leaves were the best for assessing QI. Quantification of QI from middle aged leaf samples from a strawberry fruiting field that has been planted with pre-inoculated plants at both ends of rows and let inoculum spread showed higher sensitivity and precision by q-PCR compared to that of a traditional 
Introduction
The devastating losses caused by anthracnose fruit rot (AFR) and crown rot (ACR), in combination with the regional conducive weather and susceptibility of the current favored cultivars, make it one of the most economically important diseases of strawberry in the Southeast United States (SE) [1] [2] . If inoculum is present on foliage as quiescent infections (QI) and favorable weather conditions follow, brown or black sunken lesions appear on the berries (AFR) that render them unmarketable and can cause a yield loss of over 50% even under the most stringent management programs [1] . In contrast, ACR can kill a whole strawberry plant by aggressively invading and producing a reddish-brown to marbled orange necrosis of the crown tissue that causes the plant to wilt and collapse [3] .
Although both Colletotrichum acutatum species complex (CASC) and C. gloeosporioides species complex (CGSC) can infect all parts of a strawberry plant, fruit rot is the major loss manifested by CASC infection, while crown rot and plant wilting are from CGSC. Inoculum sources for fruiting fields may be diverse but non-symptomatic infected planting stock is the most important [4] [5] [6] [7] . Contaminated planting stock is not symptomatic at lower level of infection [8] [9] , and this can lead to the inadvertent introduction of the pathogen(s) to the fruiting field, a major challenge for fruit growers [6] [10] [11] . However, this contamination can be prevented with a highly sensitive DNA based diagnostic tool. Assessing the levels of QI and defining the parameters that lead to inoculum multiplication in the field can foreseeably be used in risk assessment tools for anthracnose outbreaks and provide growers crucial information to make management decisions. Current methods for detecting QI rely primarily on either of the following bioassay techniques: surface sterilized foliage is killed by dipping in herbicide gramoxone (Paraquat), ethanol immersion or by freezing followed by incubating senesced foliage inside a humid chamber to enhance sporulation and the tissue surface is then evaluated for the presence of the pathogen [11] [12] . The primary disadvantage of these assays is that they rely on the sporulation of the pathogen. The tissue samples are generally incubated for 7 to 10 days to allow for sufficient acervular growth to be visible [10] [12] , which results in a time-consuming assay. Also, sporulation may be inhibited [10] by previously applied fungicides or by the surface disinfestations common to these assays, thus creating a potential for false negatives. However, if the disinfestation American Journal of Plant Sciences steps were to be removed, the growth of contaminating organisms such as Botrytis, Gnomonia, or Phomopsis would obscure the results. Sequence comparison by polymerase chain reaction (PCR) [13] [14] [15] [16] , arbitrarily-primed PCR [17] , isozyme comparisons [18] , and restriction fragment length polymorphism (RFLP) analysis [19] [20] and DNA fingerprinting by random amplification of polymorphic DNA (RAPD) [20] [21] [22] have all been used for detection and differentiation of the Colletotrichum species. Most of these techniques were primarily designed for taxonomic studies, but Sreenivasaprasad et al. [16] and Parikka and Lemmetty [9] designed PCR assays for the detection of C. acutatum on strawberry. These assays have proven to be specific, and more rapid than the bio-amplification-type assays [9] [16] .
Real-time PCR offers greater potential for sensitivity and specificity than conventional PCR for detecting and quantifying very low level of infection. Debode et al. [23] developed q-PCR protocol and investigated latent entry of CASC only, which is a major problem in Europe but in the SE both CASC and CGSC are major concerns. These pathogenic variabilities and genetic diversities were partly revealed in previous studies [24] . Among the available real time PCR assays, 5' nuclease-based TaqMan assay is considered superior over the SYBR green based assay as TaqMan assay increases specificity because of the fluorescent probe. However, TaqMan assay is often considered prohibitively expensive for commercial assay. Assays based on a relatively inexpensive dye SYBR green can be used for routine assay if they produce comparable results in a specific reaction condition. Tian et al. [25] reported that SYBR green did not show similar sensitivity, specificity, accuracy, and reproducibility as the TaqMan or Molecular beacon did, but Bilodeau et al. [26] used TaqMan, SYBR Green and molecular beacons for the quantification of Phytophthora ramorum based on β-tubulin gene and obtained comparable Ct values of 22.04, 22.77 and 25.08, respectively. Thus, selection of protocols for a routine assay should be considered on a case-by-case basis. Some other relevant studies designed C. acutatum species specific primers and probe set that work well with crown or petiole tissue but tended to lose sensitivity with leaf tissues [23] [27] . The primers and probe sets designed by these authors were not tested with low cost detection assay such as SYBR green and did not attempt to quantify both CASC and CGSC simultaneously.
Transplant nurseries in NC revealed the occurrence of both C. acutatum and C. gloeosporioides QI on foliage that was implicated with major fruiting field devastation in recent years ( [28] , Barclay Poling, SE strawberry council advisor, personal communication] as QI escaped visual inspection. Inspection protocol for this kind of situations inevitably requires special DNA based sensitive tool capable of simultaneous detection of C. acutatum and C. gloeosporioides from QI. One strategy by which the full potential of PCR might be realized in case of the presence of multiple species/strains of pathogen is multiplexing or their discrimination based on high resolution melt curve analysis of amplicons [29] [30] .
In a strawberry nursery or fruiting field situation, petioles are normally hidden Alto, CA) was used to design a dual-labeled TaqMan probe and multiple primer sets from the consensus sequence. The probe was labeled with reporter dye 6-caboxyfluorescein (6-FAM) at the 5' end and quencher dye 6-Carboxytetramethylrhodamine (6-TAMRA) at 3' end. The primer/probe set developed was in the ITS2 region to produce amplicon sizes as shown in Table 2 . The target region had multiple single nucleotide polymorphic sites and a deletion site on CASC sequence (Figure 1 ). Discrimination of CASC and CGSC was done based on these differences.
Primer/Probe Specificity Testing
A basic local alignment search tool (BLAST) was utilized to search for matches to the primers and probe sequences against the NCBI GenBank database Sequence data from Table 1 was used to develop a consensus sequence using MegAlign software. The primer/probe set and was designed from the consensus sequence using Beacon Designer software.
b DMT-Difference in melting temperature of amplicons from C. acutatum and C. gloeosporioides template when reverse primer was used with different combinations of forward primers. 
Species Discrimination
Different forward primers were tested in combination with a conserved reverse primer to produce amplicons of different sizes in q-PCR. Forward primers located upstream of the single nucleotide polymorphic (SNP) sites were selected for this study that provided a net plus of more than 1˚C in post PCR melting temperature for amplicons produced from C. acutatum template DNA compared to amplicons from C. gloeosporioides (Figure 2 ). Amplicon sequences Figure 2 . High resolution melt curve analysis of amplicons from C.gloeosporioides and C. acutatum DNA extracts by using Evagreen dye present in Type-it HRM PCR kit; melting temperature has > 1˚C difference between CASC and CGSC that can indicate presence of both or either of the species complex in the sample from where DNA was extracted .
were aligned with online version of CLUSTALW (http://align.genome.jp/). Following a final extension at 60˚C for 1 min, melt curves were generated using the default settings in high resolution melt (HRM) in a QIAGEN Rotor-Gene Q (Corbett Rotor-Gene 6000, Valencia, CA 91355) using Type-it HRM PCR kit (Qiagen, Valencia, CA 91355). This experiment was done twice.
Standard Development for C. acutatum and C. gloeosporioides
To determine the amplification efficiency of a specific primer set in TaqMan assay, 10-fold serial dilutions of pure genomic DNA were generated ranging from 25 ng•μl −1 to 25 fg•μl −1 in sterile deionized distilled water (sddH 2 O). Genomic DNA was extracted as described above and quantified using a NanoDrop spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE). Then C t values were generated for each dilution of C. acutatum and C. gloeosporioides genomic DNA in four replicates for TaqMan assay separately. A standard curve was obtained by plotting mean C t values against log 10 DNA concentrations. Linear regression analysis was conducted on the data, and the slope of the regression line was used to estimate amplification efficiency according to the following formula E x = (10 (−1/m) − 1) * 100, where E x is the amplification efficiency and m is the slope of the standard curve [33] .
Effect of Host Metabolite on PCR Efficiency
C. acutatum and C. gloeosporioides conidia were produced in potato dextrose agar (PDA) plates. Conidial suspensions from different petri plates were combined, counted using a hemocytometer to have 100,000 conidia each in two replicates. Conidial suspension was centrifuged at a speed of 12,000 g to form a pellet at the bottom of the tube. Supernatant was decanted, and conidial pellets were frozen by liquid N 2 as pure or by mixing 50 mg leaf tissue and DNA extracted with Qiagen DNeasy Plant mini kit (Valencia, CA 91355). Initial template concentration was used to create a 10 6 -10 1 standard curve by a 1:10 dilution series for both extracts. This experiment was conducted twice.
Identification of Leaf Stage Supporting Highest Detection and Quantification
For a preplanned inoculation and sampling, leaves from 8 replicate greenhouse-grown plants were selected to represent 3 different growth stages such as young (fully opened), middle age (~30 days after full opening) and old (~60 days or older after full opening). Conidia were produced using the same isolates and 
Assessment of Petiole and Leaf Blade for Potential Reservoir of Quiescent Infections
This experiment was conducted under both field and greenhouse conditions. other cultural practices were followed. All other irrigation and fertilization was done through the drip tape that was pre-set at the middle during bed formation.
Field Experiment
No fungicides were applied during the growing season. Leaf and petiole samples from randomly selected plants at each distance from the point of inoculation (0, 1, 2, 3, 4 m) 40 replicate plots were collected at 60 days after planting. From each trifoliate leaf sample, one randomly selected leaflet and half petiole were used for DNA extraction and the rest for paraquat assay (induction of senescence to surface sterilized leaves/petioles by dipping in paraquat followed by a short incubation on metal screens inside a humid chamber layered with moist paper towel to enhance acervular growth). Samples were bulked for Colletotrichum incidence assay and comparison of petiole and leaf blade from directly inoculated plants.
However, dispersal severity and comparison of methods were performed from only leaf blades of samples that were kept separate based on distance from point of inoculation. clear plastic for 48 hours to maintain high humidity. One set of 60 leaves and petioles (one from each plant) were collected 60 days after inoculation and processed as described before for evaluating the relative incidence. The whole experiment was conducted in the greenhouse twice by another set of sixty plants.
Phytotron Experiment
In both phytotron and field experiments, samples that were used for q-PCR were immediately frozen in liquid nitrogen and kept frozen at −80˚C freezer until DNA extraction. Samples for paraquat assay were processed immediately.
Statistical Analysis
Cycle threshold (C t ) values obtained from five different conidial concentrations at three different leaf stages and two different q-PCR protocols were subjected to factorial analysis of variance (ANOVA) using the general linear models procedure (PROC GLM) of the statistical analysis system (SAS 9.2, SAS Institute Inc., 
Results

Primer/Probe Specificity Testing
The q-PCR primer/probe sets were found to amplify all CASC and CGSC isolates tested (Table 3) . Forward primer 1 (ColTqF1) with reverse primer and TaqMan probe was found highly specific to these fungal isolates due to additional specificity provided by probe sequences. ColTqF1 with ColTqR1 showed slightly lower specificity in SYBR green protocol, but both systems showed statistically similar amplification efficiency. However, this pair of primers did not prove useful for discriminating CASC and CGSC as there was no difference in melting temperature of amplicons. ColTqF2 and ColTqF3 with ColTqR1 were useful in discriminating these two species of Colletotrichum with 0.6˚C and 1.1˚C differences in melting temperature, respectively. The BLAST search found matches for the primer/probe set with a few Colletotrichum species such as C. viniferum and C. musae that are not considered strawberry pathogens or cause quiescent infections on strawberry foliage. 
Species Discrimination
Amplicon sequences obtained by using C. acutatum and C. gloeosporioides 
Standard Development
The goodness of fit (R 2 value) for standard curve was 0.9986 or better when DNA from both CASC and CGSC pure cultures were used, indicating a high reproducibility and accurate quantification ( 
Assessment of Petiole and Leaf Blade as a Potential Reservoir of Quiescent Infection
Both bioassay and q-PCR clearly showed that leaf blades had remarkably higher (Table 4) . Average detection of Colletotrichum spp. was 24% higher on leaf blade compared to petiole when both field and phytotron and methods of detection were considered. The margin was wider in the phytotron with 27%
than in the field with 20.2%. Besides being quantitative, q-PCR showed higher detection percentage in both petiole and leaf blades in the greenhouse and field conditions compared to a traditional paraquat protocol.
Identification of Leaf Stage Supporting Highest Detection and Quantification
Both leaf age and number of conidia placed on leaf surface significantly (P ≤ y Leaf and petiole samples were collected from the same plant and cut separated in the lab before processing. 
Validation and Comparison of Colletotricum spp. Detection through Dispersal Study in the Strawberry Fruiting Field
Neither inoculated nor plants at a distance that received inoculum due to a natural 
Discussion
Detecting quiescent infections in nursery stocks and fruiting fields is very challenging in strawberry production systems that limits growers' ability to implement the best preventive management techniques in an informed integrated pest management (IPM) approach. Optimization of sampling protocol and QI detection methods is essential for advancing diagnostic procedure for anthracnose diseases in strawberry. Assessment of health status of planting stocks by detecting and quantifying QI should help growers to exclude potentially infected planting stock or disinfest them by treating with effective chemicals. The genus Colletotrichum has undergone frequent taxonomic changes in the past decades with the merging and addition of many species especially under CASC and CGSC [8] [34] as reported in recent studies. These studies were based on multi locus sequencing to differentiate species under the complex. However, our study targeted differentiation of two major species (complex) involved with strawberry anthracnose. We have developed and validated this highly sensitive q-PCR protocol that can detect major species under these two-species complex from foliar quiescent infections. The primers and probe sets developed in this study can detect and quantify extremely low number of propagules from apparently healthy strawberry foliar tissue. It is not uncommon for strawberry foliage to become infected with both species and as such this tool will be equally effective against did not show any amplification indicating the specificity of the tool for Colletotrichum species of major concern to strawberry. The primers and probe set developed in this study provided significant advantages over some of the existing protocols by being more sensitive as the target is located on multi-copy rDNA ITS2 region. Primers and probe sets allowed amplification of both CASC and CGSC templates that can coexist on strawberry foliage in the SE. This protocol can discriminate two groups based on the melting temperature of the amplicons and alleviate the need for multiplexing. It produces comparable results with second-generation dsDNA intercalating dye SYBR green I or third-generation intercalating dye Evagreen which is used in Type-it HRM PCR kit. The reason of quiescence in strawberry is yet to be proven empirically, however, it is presumably due to the presence of preformed antifungal compounds including polyphenolics which are also known to be a major inhibitor of polymerase in a PCR reaction. Quiescent infection in avocado anthracnose at the green stage was reported to be due to the presence of high concentrations of the preformed antifungal compound 1-acetoxy-2-hydroxy-4-oxo-heneicosa-12,15-diene [37] , which decreased ten-fold, to subfungitoxic concentrations during American Journal of Plant Sciences fruit ripening.
The q-PCR assay consistently yielded higher detection capability than the bioassay or conventional PCR from artificially inoculated plants as well as plants from field experiments. In greenhouse trial with known number of spores, conventional PCR did not produce any amplicons lower than 1000 conidia whereas q-PCR with middle age leaf detected up to 10 conidia. This big difference in sensitivity makes this tool a clear choice over regular PCR for tracking quiescent inoculum in leaf tissue. In phytotron experiment, only 36.5% petioles showed positive detection by paraquat assay compared to 60.8% by real time PCR while the differences on leaves were even greater. Positive detection on leaves by bioassay was 65.3% compared to 89.2% with real time PCR. These numbers indicate that even in artificially inoculated plants, petioles receive significantly lower amount of inoculum compared to leaf blades. The probability of a false negative is very high for a bioassay if inoculum level is too low to be visible even after multiplication by a paraquat assay. Similar trend was observed in field samples that received inoculum due to a natural spread from inoculated plants set at both ends of the plots. However, average levels of positive detection in field samples were lower than directly inoculated plants in a phytotron. Variability within samplings and positive detection was also higher in the field. This clearly indicates the importance of a special sampling technique to be employed for the assessment of quiescent infection in field grown strawberry either in a nursery or fruiting field. In our leaf stage experiment, we did not get any false negative up to the lowest level of conidia placed on leaf disk indicating the PCR assay is sensitive enough for detecting very low level of quiescent infections when tissues harbor inoculum. Our results indicate that leaf stage can greatly influence the detection and quantification of quiescent infections. Thus, consistency with leaf stage during sampling will play a key role in obtaining meaningful results. The plausible explanation for differences in detection from different leaf stages receiving same initial inoculum in our study could be due to young stage leaf may not be providing enough nutrients for the growth and development of the fungus and old stage leaf may contain higher concentration of inhibitory metabolites that may interfere with PCR amplification. Debode et al. [23] [38] reported a slower establishment of C. acutatum on younger leaves compared to older from the leaf inoculation experiment followed by monitoring through microscopic study and DNA extraction. Similar effects of leaf age on disease development were observed with C. gloeosporioides on leaves of Mulva pusilla [39] .
While q-PCR is now considered the preferred tool for inspecting plant material from nurseries, planting stocks, fruit production fields, and imported shipments, scientific applications of q-PCR also include tracking the spread of disease through contaminated stock or wild alternate host and population dynamics in a QI of plant. Optimization of sampling method to track foliar QI has not been pursued to the best of our knowledge. However, our initial sampling from a strawberry nursery with a simple random sampling (SRS) followed by assessment and back to positive spots for an adaptive cluster sampling was found to produce reliable results (data not shown). Ojiambo and Scherm [40] showed that a computer simulated adaptive cluster sampling consistently produced more precised results for disease incidence compared to SRS when disease was more aggregated in the field. Validation of this tool in strawberry fruiting field for inoculum dispersal showed that detection and quantification of quiescent infection on leaves can be done more accurately with this tool compared with traditional paraquat protocol. Utilization of SYBR green dye will significantly reduce the cost of diagnostics. In a separate assay, Gomes-Ruiz et al. [41] reported the same sensitivity for the Taqman and SYBR Green assay in real-time PCR corroborating our results. The real time primers and probe set designed in this study will provide scientists enough flexibilities of using highly sensitive tool required in disease forecasting experiments based on the presence or absence of inoculum in strawberry foliar tissues, which serves as a potential inoculum source for ripening berries. The ability of these primers and probe set to provide statistically similar results with SYBR green will make it a superior choice for the diagnostic clinics that will seek economically feasible advanced molecular tool for routine use.
